ABSTRACT
the utility of low and medium density SNP panels (ranging from 100 to 9000 SNPs) to 23 accurate predict breeding values was tested and compared in four aquaculture datasets with 24 different characteristics (species, genome size, genotyping platform, family number and size, 25 total population size, and target trait). A consistent pattern of genomic prediction accuracy 26 was observed across species, with little or no reduction until SNP density was reduced below 27 1,000 SNPs. Below this SNP density, heritability estimates and genomic prediction 28 accuracies tended to be lower and more variable (93 % of maximum accuracy achieved with 29 1,000 SNPs, 89 % with 500 SNPs, and 70% with 100 SNPs). Now that a multitude of studies 30 have highlighted the benefits of genomic over pedigree-based prediction of breeding values 31 in aquaculture species, the results of the current study highlight that these benefits can be 32 achieved at lower SNP densities and at lower cost, raising the possibility of a broader 33 application of genetic improvement in smaller and more fragmented aquaculture settings. Aquaculture is the fastest growing food industry worldwide (FAO2018). While capture 38 fisheries production has stagnated since the late 90s, aquaculture production has been 39 consistently increasing 5.8 % per year since 2001 (FAO 2018) , and this trend is expected to 40 continue in the coming years to cope with the food demands of a growing human population.
41
Nonetheless, aquaculture is still a relatively young industry, and although technological 42 advances have been rapidly implemented to improve production volume and efficiency for 43 some high-value species, these are slower to reach the lower-value, high-volume species that 44 underpin most of global production. This is typified by genetic improvement technologies, 45 where species such as Atlantic salmon have large and well-managed breeding programmes 46 akin to those for pigs and poultry, while most aquaculture species lag significantly behind. In 47 part, this is due to the wide diversity of aquaculture species, with the top 20 animal species 48 accounting for less than 80 % of the total production (FAO 2019) in contrast to terrestrial 49 livestock, where four species are the source of > 90 % of the world meat production. In 50 addition, the majority of aquaculture takes place in small to medium-sized farms, primarily 51 situated in low to medium income countries. This context hinders the implementation of 52 emerging technologies to help improve production, primarily due to their prohibitive cost.
53
One such technology is genomic selection, which utilises genetic markers to identify the platforms, which can be prohibitively expensive for routine application for most aquaculture 63 breeding programmes, due to the need to genotype thousands of performance tested fish (i.e.
64
the reference population) and the selection candidates. One avenue to democratise genomic 65 selection for smaller-scale, more fragemented aquaculture sectors is to exploit low-density 66 SNP panels for which per-sample genotyping costs can be a fraction of the cost of SNP 67 arrays.
68
However, it may be expected a priori that this cost-reduction due to reduced genotype 69 density comes at the expense of reduced prediction accuracy in a breeding programme. The is assumed to be 50 %, but the reality is that it can vary substantially around this value as a 77 consequence of Mendelian sampling and linkage disequilibrium (Hill and Weir, 2011 
MATERIALS AND METHODS

99
Datasets and phenotypes
100
Genotypes and phenotypes were obtained from four previously published studies in four different datasets used in this study after quality control is shown in Table 1 .
118
SNP panels of varying densities were tested by taking subsets of the full QC-filtered SNP 119 panel for each dataset. Panels of the following densities were tested in every species: 100, 120 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2250, 2500, 121 2750, 3000, 3500, 4000, 4500 and 5000. Additionally, 6,000, 7,000 and 9,000 SNP panels 122 were tested depending on the total number of SNPs remaining after quality control (carp 123 6,000 SNPs; sea bream 7,000 SNPs; salmon and oyster 7,000 and 9,000 SNPs). The SNPs The different fixed effects included in the model for each species were i) tank (2 levels) in
144
Atlantic salmon, ii) factorial-cross group (4 levels) in carp, iii) none in sea bream, and iv) 145 tank (2 levels) in oyster.
146
Genomic prediction
147
The accuracy of genomic prediction was estimated by ten replicates of fivefold cross- 
RESULTS
157
Trait summary
158
In total six traits were studied. Two traits related to Atlantic salmon resistance to AGD were Low-density panels were designed from the full set of SNPs that passed the QC filters in each shown.
181
Heritabilities for the six traits were re-calculated using the reduced density SNP panels Genomic prediction using reduced SNP panels 196 The accuracy of genomic selection was evaluated using ten replicates of five-fold cross- In addition, with decreasing SNP density the differences in prediction accuracy between 226 different replicates of SNP panels of the same density increased (Figure 4) . Therefore, SNP 227 selection seems to be more relevant for the design of low-density panels than for higher 228 density panels. On average, the difference between the maximum and minimum accuracies 229 achieved by 100 density SNP panels was 0.11; salmon mean gill score showed the largest 230 difference (0.19) and carp Log standard length the lowest (0.05). The uniformity of the results is relatively surprising considering the notable background 
CONCLUSIONS
311
The patterns of loss of genomic prediction accuracy with reduced density SNP panels are 312 strikingly consistent across datasets of different aquaculture species, despite their differences 313 in population and family structure, phenotype and trait definition, and genotyping platform.
314
These results suggest that SNP densities between 1,000 and 2,000 SNPs will frequently result 315 in selection accuracies very similar to those obtained with high-density genotyping,
316
irrespectively of the specifics of the breeding programme design or population structure,
317
assuming the presense of close relatives in the training and validation sets. Further, the higher 318 variance between SNP panel replicates observed with decreasing density suggests that non-319 random SNP selection can increase the selection accuracy of low-density panels. In summary,
320
this study suggests that low-density SNP panels offer a cost-effective solution for broadening 
